A B S T R A C T The effects of coronary artery reperfusion at 1 and 3 h after occlusion on infarct size (IS) in the conscious dog were compared with a second group of dogs that were not reperfused (24 h occlusion). Infarct size was calculated from creatine kinase (CK) appearing in blood samples (ISJ) the serial blood CK curve was changed significantly by reperfusion. In dogs with a 24-h occlusion, CK rose gradually to a peak at 11.4±0.5 h. In dogs reperfused at 3 h, CK rose sharply at 3 h and reached a peak at 6.8±0.5 h, significantly earlier (P < 0.01) than occurred in dogs reperfused at 1 h, i.e., when the peak occurred at 4.2±0.4 h. The rapid appearance of CK in blood after reperfusion at 1 and 3 h suggested a washout phenomena. Thus, reperfusion alters the shape ofthe serial blood CK curve and results in a different linear relationship between calculated and measured infarct size, resulting in greater recovery of CK in blood per unit of infarcted myocardium.
INTRODUCTION
The appearance of elevated blood levels of enzymes reflecting myocardial necrosis has become an important adjunct to the diagnosis of acute myocardial infarction (1) (2) (3) (4) . Moreover, a relationship between clinical prognosis and blood levels of enzymes after myocardial infarction has been shown by Chapman (5) . More recently, Kjekshus and Sobel observed that a quantitative relationship existed between the size of experimental myocardial infarction and the depletion of creatine kinase (CK)l in the myocardium (6) . Shell et al. (7) extended these observations and demonstrated that the size of experimental myocardial infarction as determined by myocardial CK depletion was linearly related to the amount of CK appearing in the blood over a 24-h period. Since coronary artery reperfusion using the aorta-coronary bypass procedure is now important therapeutically, and since CK appearance in blood is used to measure myocardial necrosis, a clear understanding of the effects of reperfusion on blood and myocardial enzyme determinations is needed.
Prior studies examining the effects of reperfusion on the calculation of infarct size from the appearance of CK in blood have been conflicting (8, 9) . Bresnahan et al. (8) felt that coronary artery reperfusion did not interfere with the calculation of infarct size, whereas Jarmakani et al. (9) felt that infarct size could not be calculated accurately from CK in blood either in the presence or absence of reperfusion. Accordingly, the goals of this study were to evaluate: (a) the relationship between CK appearance in blood and myocardial infarct size as determined by myocardial CK depletion IAbbreviations used in this paper: CK, creatine kinase; ISm, infarct size determined by myocardial CK depletion;
ISp, infarct size determined by pathology; ISs, infarct size determined by CK appearance in blood.
after a 24-h coronary occlusion; (b) this relationship in a separate series of dogs, in which reperfusion intervened; (c) the relationship between myocardial infarct size determined by gross pathology (and confirmed by histology) and by myocardial CK depletion; and (d) the extent to which occlusion of the left circumflex coronary artery produces a homogeneous area of infarction (10) . Experiments were conducted in conscious dogs to avoid the effects ofanesthesia on enzyme kinetics (7) and also because these animals remain hemodynamically stable after coronary occlusion (11) . METHODS 36 mongrel dogs (19-35) kg)2 underwent a left thoracotomy using 30 mg/kg Na pentobarbital anesthesia for implantation of a Doppler ultrasonic flow transducer and an hydraulic occluding cuff on either the left anterior descending (7 dogs) or circumflex coronary artery (29 dogs) and heparin-filled Tygon catheters (Norton Co., Tallmadge, Ohio) in the left atrium and aorta.
Experiments were conducted 3-6 wk after recovery from operation. After at least two control samples of blood were collected, the occluding cuff was inflated for 24 h in 19 dogs. Reperfusion was carried out 1 h after occlusion in nine dogs and 3 h after occlusion in eight dogs. Total occlusion and reperfusion were confirmed using the Doppler ultrasonic flowmeter (12) . This entailed continuous monitoring of the dogs for 24 h after occlusion. If partial release occurred in the 24-h occlusion group, this problem was rectified immediately. Serial samples of blood (5 ml) were withdrawn from the dogs over a 24-h period. The samples were taken hourly for the first 8 h, then every 2 h for the next 8 h, and every 4 h for the final 8 h and collected in tubes with ethylene glycol-bis (/8-aminoethyl ether) N,N,N',N'-tetraacetate and centrifuged. The plasma was decanted and frozen immediately at -70°C.
After 24 h all dogs were anesthetized with Na pentobarbital and sacrificed. At the time of sacrifice, the heart was rapidly excised and washed repeatedly in iced saline. The atria, pulmonary artery, aorta, valvular apparatus, and the pericardial fat were excised and discarded. The free wall of the right ventricle was dissected, weighed, and immersed in the homogenizing medium for CK, i.e., 25 ml/g of myocardium in 0.25 M sucrose, 0.001 M neutralized sodium EDTA and 1 mM mercaptoethanol. When the infarction extended to the right ventricle (n = 3), it was dissected and weighed separately. The left ventricular cavity was exposed longitudinally on the anterior surface when the circumflex was occluded, and on the diaphragmatic surface when the anterior descending coronary artery was occluded, in order to inspect the infarct, paying special attention to the presence of hemorrhage. Infarcted myocardium was dissected carefully from the remaining normal myocardium and weighed to determine infarct size by gross inspection. Identification of infarcted myocardium 24 h after occlusion was possible, since the infarcted area is clearly much paler, acquiring a white-yellowish color and at times is hemorrhagic. This procedure was verified by examining histologic sections with light microscopy.
In addition to separating and weighing the infarcted and the normal left ventricular myocardium, biopsies for CK were taken from the normal myocardium and the center of infarc-tion. The ventricular myocardium was minced with scissors and homogenized with the above described solution in a Waring blender (Waring Products Div., Dynamics Corp. of America, New Hartford, Conn.) (half speed, two 15-sec bursts). It was then centrifuged at 10,000 rpm for 10 min at 0°C and the supernatant fraction removed and centrifuged at 16,000 rpm for 10 min. The biopsies were homogenized in a VirTis 45 homogenizer (The VirTis Co., Gardiner, N. Y.) instead of the Waring blender (Waring Products Div.).
In all dogs infarct size (IS) was determined by gross pathological inspection (ISp) and compared with calculated infarct size from CK appearance in the blood samples (IS.). Infarct size was also determined by myocardial CK depletion (ISm) in 11 dogs with 24-h occlusions and 14 dogs with reperfusion. CK was assayed using CK n-i reagent (Worthington Biochemical Corp., Freehold, N. J.). Protein contents of homogenates and of tissue fractions were determined by the biuret procedure (13) . CK in plasma and tissue fractions was assayed spectrophotometrically as described by Rosalki (14) . Results were expressed as International Units per milliliter, International Units per milligram protein, or International Units per milliliter per gram myocardium. The techniques and formulas described by Shell et al. (7) were used to calculate ISm (Appendix I). The amount of CK depleted by the myocardium was calculated as the difference between CK concentration in normal myocardium and CK concentration measured in the homogenized entire left ventricle times left ventricular mass. The difference in CK concentration between normal areas and the center of the infarct was 74.6% of normal CK concentration. The techniques and formulas described by Shell et al. (7) were used to calculate IS, (Appendix II). To determine ifthe calculation of IS, would be altered by extrapolating the blood CK curve beyond 24 h, an exponential function was fitted to the existing data points and extended to the time when CK values would have returned to control levels, and the appropriate analyses were repeated.
All dogs were included in the comparison of the relationships among ISm, IS, and ISP. However, dogs exhibiting small infarcts were excluded from determinations where the inclusion of small infarcts or as in some cases, no infarction, would be misleading. For instance, in the determination of the ratio of average CK appearing in blood over 24 h to ISp, and also of the amount of myocardial CK depleted per gram of infarct determined by pathology, it would be misleading to include small infarcts, i.e., <10 g and in some cases, no infarction. The rationale for this becomes apparent when considering calculations of quotients with the denominator zero. Another important example where small infarcts were excluded was in the determination of the frequency of hemorrhagic infarction.
Linear regression analysis was used to examine relationships among infarct size measurements. The slopes were compared by calculating residual variances and using the t distribution to test for significant differences (15) . Infarct size relationships for both groups of reperfused animals were not significantly different and will be pooled. However, significant differences were observed in the shape of their respective serum CK curves and will be discussed.
RESULTS
Effects of reperfusion on gross appearance of infarct (Fig. 3) .
Reperfusion (Fig. 4) (6) which utilized measurement of myocardial CK depletion, should have been good. In fact, this was observed (Fig.  4) . The linear relationships between infarct size measured pathologically and calculated from myocardial CK depletion, and also that between infarct size measured pathologically and calculated from blood CK curves, were found to be good for experimental myocardial infarction in conscious dogs with occlusions of 24 h duration, having correlation coefficients of 0.87 and 0.94, respectively. The relationships between these two techniques were also good for the reperfused group, having correlation coefficients of 0.94 and 0.90, respectively.
It was observed in the present investigation that coronary artery reperfusion at 1 and 3 h after occlusion altered the timne-course of appearance of CK in blood and configuration of the CK time-activity curve significantly. Peak blood CK occurred earliest when reperfusion was carried out at 1 h and latest when reperfusion did not occur. The rapid rise in blood CK immediately after reperfusion at either 1 h or 3 h suggested that CK was being washed out into the blood. Early appearance of CK after reperfusion was also noted by Jarmakani et al. (9) . However, Jarmakani et al. (9) , did not find that this observation altered the calculation of infarct size significantly. Using the formulas described by Shell et al. (7) to calculate infarct size from CK appearance in blood, the altered configuration of the CK curve after reperfusion would not necessarily lead to a different value for calculated infarct size unless the total amount of CK calculated or recovered in blood also changed. However, in contrast to the findings of Jarmakani et al. (9) , and Bresnahan et al. (8) , this was observed in the present investigation. While the slope (or proportionality constant) between measured infarct size and that calculated from serial CK curves remained linear after reperfusion, it was significantly different from that observed with 24 h occlusion. This indicates that reperfusion led to an increased amount of CK appearing in the blood per gram of infarct or per unit of CK depleted from myocardium. This could be due to decreased time for local degradation of CK in myocardium subjected to reperfusion because of the increased rate of transport of CK into the systemic circulation.
In a previous study by Bresnahan et al. (8) two types of altered relationships between projected and calculated infarct size were noted among animals subjected to reperfusion, but the fraction of depleted myocardial CK released into the circulation was considered constant. For the group with excess CK release, infarction was apparently complicated by hemorrhage. For the other group, less CK release was observed than that projected before reperfusion; presumably indicative of protection of myocardium. If reperfusion had augmented CK recovered in blood in their study, as in the present investigation, their estimation of salvage (8) , but also from those of Jarmakani et al. (9) . In the latter study, overestimation of infarct size appeared more prominent, although not statistically, in the group with 24 h occlusion. In diametric opposition, our results indicate that overestimation of infarct size is more characteristic of the group with coronary artery reperfusion. Two differences in protocol between that of Jarmakani et al. (9) , and the present study should be mentioned. First of all, the dogs in the study by Jarmakani et al. (9) were pretreated with morphine, a drug which constricts coronary vessels in conscious dogs (19) . Secondly, the animals in the study by Jarmakani et al. (9) were treated with multiple doses of intravenous lidocaine. In contrast, no complicating drugs were administered to the conscious, unsedated dogs in the present study. Another point of difference from the results of Jarmakani et al. (9) , was the consistent finding in the present study of gross hemorrhage in infarcts in the dogs with coronary artery reperfusion. A much greater percentage of infarcts after reperfusion (83%) were hemorrhagic compared with that observed with 24-h occlusions (23%). A high incidence of hemorrhagic infarction occurring after reperfusion was noted previously by Bresnahan et al. (8) in conscious dogs but has not been consistently observed in anesthetized dogs (20) (21) (22) . In the study by Bresnahan et al., it was determined that the hemorrhagic myocardium did not influence the assay of CK in blood and this, by itself, would not explain the alterations observed in blood CK curves. An additional point of difference between the results in the present study and those of Bresnahan et al. (8) and Jarmnakani et al. (9) , is that the latter studies examined only left circumflex occlusions. In the present study, some left anterior descending artery occlusions were also examined. However, this difference cannot reconcile the discrepancies between the present and prior studies, since the major findings of the present investigation held true for the anterior descending as well as circumflex occlusions (Tables I, II) .
A final point to consider is the variability in infarct size observed in conscious dogs either in the presence or absence of reperfusion. Even when the left circumflex artery was occluded for 24 h, the resultant infarctions varied considerably in size. In contrast, a study
